In this report, we present a new approach for the determination of the disulfide bond connectivity in proteins using negative ionization mass spectrometry of nonreduced enzymatic digests. The mass spectrometric analysis in negative ion mode was optimized to allow in-line analysis coupled directly to the HPLC system used for the separation of the peptides resulting from enzymatic digestion. We determined the disulfide structure of a human immunoglobulin gamma 2 (IgG2) antibody containing 18 unique cysteine residues linked via 11 unique disulfide bonds. The efficiency of the gas-phase dissociation of disulfide-linked peptides using negative electrospray ionization was evaluated for an ion trap mass spectrometer and an orthogonal acceleration time-of-flight mass spectrometer. Both mass spectrometry techniques provided efficient in-source fragmentation for the identification of the disulfide-linked peptides of the antibody. Both instruments were limited in the number of disulfide bonds that could be dissociated. Seven of the 11 unique disulfide linkages have been determined, including the linkage of the light chain to the heavy chain. Only the disulfide connectivity of the hinge peptide H6H7H8H9 (C 6 C 7 VEC 8 PPC 9 PAPPVAGPSVFLFPPKPK) could not be determined (numbering the cysteine residues sequentially from the N-terminus and labeling the heavy chain cysteines "H" and the light chain cysteines "L"). However, we identified the dimer of peptide C 6 C 7 VEC 8 PPC 9 PAPPVAGPSVFLFPPKPK linked via four disulfide bonds based on the unique molecular weight of this dipeptide. The established linkages were H1 to H2, H10 to H11, H12 to H13, L1 to L2, L3 to L4, and L5 to H3H4. The intrachain linkages of the light chain (L1 to L2, L3 to L4), and heavy chain (H10 to H11, H12 to H13) domains were identical to the linkages found in IgG1 antibodies. (J Am Soc Mass Spectrom 2006, 17, 1590 -1598 
In this report, we present a new approach for the determination of the disulfide bond connectivity in proteins using negative ionization mass spectrometry of nonreduced enzymatic digests. The mass spectrometric analysis in negative ion mode was optimized to allow in-line analysis coupled directly to the HPLC system used for the separation of the peptides resulting from enzymatic digestion. We determined the disulfide structure of a human immunoglobulin gamma 2 (IgG2) antibody containing 18 unique cysteine residues linked via 11 unique disulfide bonds. The efficiency of the gas-phase dissociation of disulfide-linked peptides using negative electrospray ionization was evaluated for an ion trap mass spectrometer and an orthogonal acceleration time-of-flight mass spectrometer. Both mass spectrometry techniques provided efficient in-source fragmentation for the identification of the disulfide-linked peptides of the antibody. Both instruments were limited in the number of disulfide bonds that could be dissociated. Seven of the 11 unique disulfide linkages have been determined, including the linkage of the light chain to the heavy chain. Only the disulfide connectivity of the hinge peptide H6H7H8H9 (C 6 C 7 VEC 8 PPC 9 PAPPVAGPSVFLFPPKPK) could not be determined (numbering the cysteine residues sequentially from the N-terminus and labeling the heavy chain cysteines "H" and the light chain cysteines "L"). However, we identified the dimer of peptide C 6 C 7 VEC 8 PPC 9 PAPPVAGPSVFLFPPKPK linked via four disulfide bonds based on the unique molecular weight of this dipeptide. The established linkages were H1 to H2, H10 to H11, H12 to H13, L1 to L2, L3 to L4, and L5 to H3H4. The intrachain linkages of the light chain (L1 to L2, L3 to L4), and heavy chain (H10 to H11, H12 to H13) domains were identical to the linkages found in IgG1 antibodies. (J Am Soc Mass Spectrom 2006, 17, 1590 -1598) © 2006 American Society for Mass Spectrometry C orrect disulfide bond formation is critical for the formation of the correct three-dimensional structure of a protein and for its biological function. Immunoglobulin gamma (IgG) antibodies are a widely used modality for biological pharmaceuticals because of their high specificities and long life in vivo. IgGs are composed of two identical heavy chains and two identical light chains connected via disulfide bonds ( Figure  1 ). Peptide mapping in-line with mass spectrometry has become the method of choice for the determination of disulfide structures within proteins. However, very little has been reported about the disulfide structure of IgG molecules. The disulfide structure for an IgG1 has been solved by Mhatre et al. [1] using MALDI-TOF and ESI mass spectrometry. The structure of an IgG4 has been solved by Zhang et al. [2] , and the disulfide structure of the hinge region of a mouse IgG2 molecule was solved by Yen et al. in 2002 [3] . Human IgG2 is unique in its disulfide structure in that the two halves of the molecule are linked via four cysteine residues on each heavy chain in the hinge region. In contrast, for example, IgG1, the most abundant antibody in circulation, is linked by two cysteine residues on each heavy chain. The identification of disulfide-linked peptides in IgG molecules is challenging because of their larger size and complexity of fragmentation mass spectra compared with single-chain peptides. Typically, reduction and alkylation in solution is performed on disulfide peptides to confirm their identity. This step takes extra time for sample preparation. Although gas-phase fragmentation of peptides and proteins using their positive ions has been actively studied and used in a number of applications, negative ions are less utilized, largely due to the relatively low intensity of these ions compared with the positive ions. Gas-phase reduction is an attractive practical alternative to the wet chemistry reduction because no additional sample preparation steps are required. Selected cleavages at disulfide bond sites have been reported for positive ions formed through fast atom bombardment [4, 5] and MALDI [6 -9] . Characterization of the disulfides of biothiols by electrospray ionization and triple-quadrupole tandem mass spectrometry was also reported before [10] . In 1988, negative-ion thermospray mass spectrometry was employed for the analysis of glutathione conjugates [11] . Utilizing negative-ion reduction, the disulfide-linked peptides undergo extensive fragmentation, which occurs primarily at the sulfur-sulfur bonds. McLuckey and coworkers showed dissociation of disulfide-linked gaseous polypeptide/protein anions using direct infusion of proteins at high pH and collision-induced dissociation [12] . The reduction of disulfide-containing peptides anions in the gas phase has been utilized for peptide mapping of several proteins containing disulfide bonds also using collision-induced dissociation [13] . The current study describes an application of negative ion electrospray ionization mass spectrometry (ESI MS) for the identification of disulfide-linked peptides of a recombinant human IgG2 antibody. We evaluated this technique in-line with reversed-phase HPLC using 0.1% trifluoroacetic acid solutions (pH 2) employing commercially available electrospray ionization ion trap (ESI-IT) and orthogonal acceleration time of flight (ESI-TOF) mass spectrometry without additional modifications.
Experimental

Materials and Methods
The recombinant human monoclonal IgG2 antibody analyzed in this study was expressed and purified at Amgen using standard manufacturing techniques.
Endopeptidase Lys-C Digestion
The IgG2 was denatured at 13 mg/mL in 6.5 M guanidinium chloride (GdmCl), 40 mM sodium phosphate pH 7.0. Iodoacetamide (0.6 mM) was added to alkylate any free thiol groups that could have complicated the analysis. The IgG2 solution (60 L) was mixed with 680 L of a digestion buffer containing 4 M urea, 20 mM hydroxylamine hydrochloride, and 100 mM sodium phosphate pH 7.0 to yield a 1 mg/mL IgG2 solution containing 3.5 M urea, 0.5 M GdmCl, 17.4 mM hydroxylamine hydrochloride, and 90 mM sodium phosphate at pH 7.0. Endopeptidase Lys-C (Lys-C; Wako Chemicals USA, Richmond, VA) was added at a ratio of 1:20 enzyme to substrate, the solution was overlaid with N 2 , and the samples were incubated at 37°C for 20 h. After incubation, the samples (125 L) were quenched with 25 L aliquots of 5% trifluoroacetic acid (TFA; Pierce, Rockford, IL).
HPLC Separation of Lyc-C Peptides
The nonreduced peptides were separated by reversedphase HPLC using an Agilent 1100 HPLC equipped with a diode-array detector, autosampler, microflow cell, and temperature controlled column compartment (Agilent, Palo Alto, CA). The column was heated at 50°C to enhance separation. The solvents were A: 0.1% trifluoroacetic acid (TFA; Pierce, Rockford, IL) in water, and B: 0.089% TFA in 90% acetonitrile (Baker, Phillipsburg, NJ) in water. Separation was performed on a Jupiter C5 column packed with 5 m particles, 300 Å pore size (Phenomenex, Torrance, CA). The column was initially equilibrated at 2% Solvent B. Two min after sample injection, the concentration of mobile phase B was increased to 22% over 38 min followed by an increase to 45% over 100 min. The column was reequilibrated by ramping up mobile phase B to 100% over 5 min, holding for 5 min at 100% B, dropping down to 2% B over 5 min followed by 15 min at 2% B. UV absorption was monitored at 214 and 280 nm.
The same method was used in-line with both mass spectrometers (ESI-IT and ESI-TOF) with the following minor modifications: the column size was 250 ϫ 2.0 mm using a flow rate of 200 L/min for the ESI-IT and 150 ϫ 1.0 mm using a flow rate of 50 L/min for the Figure 1 . Schematic diagram of one of the two identical halves of an IgG2 antibody. The molecule is composed of two identical heavy chains and two identical light chains; only one of each is shown. Disulfide bonds are shown as "ϪSSϪ", and the predicted Lys-C fragments are delineated with solid lines. The cysteinecontaining fragments generated by Lys-C digestion are numbered sequentially from the N-termini and labeled "H" for heavy chain and "L" for light chain. For example, fragment L1 contains the first cysteine residue in the light chain, and fragment H3H4 contains the third and forth cysteine residues in the heavy chain. ESI-TOF. 50 g of the nonreduced Lys-C digested sample was injected onto the column for mass spectrometry analysis using the ESI-IT and 10 g of the nonreduced sample was injected onto the column for analysis using the ESI-TOF.
Mass Spectrometry Analysis of Lyc-C Peptides
The HPLC was directly coupled to a Finnigan LCQ Deca ion trap mass spectrometer (Thermo Electron, San Jose, CA) or an LCT ESI-TOF (Waters, Milford, MA) mass spectrometer. The ESI voltage was 4.5 kV in positive ion mode and Ϫ3.0 kV in negative-ion mode. The capillary temperature was 250°C. The fragmentation in positive mode was obtained using ion trap collision energies of 35%. Each full-scan mass spectrum was followed by a data-dependent MS/MS scan of the most intense ion. The instrument was calibrated to higher mass range (4000 Da) and tuned by infusion of insulin (Sigma, St Louis, MO). Fragmentation in negative mode was optimized using direct infusion of insulin with monitoring of the intensity of the fragment ion at 1681.6 Da. The tube lens behind the heated capillary was set to maximum value of Ϫ100 V to achieve optimal fragmentation in the nozzle-skimmer region.
The spray voltage of the ESI-TOF mass spectrometer was set at 2.6 kV in positive and Ϫ2.0 kV in negative ionization mode. The instrument was internally calibrated using internal calibration ions of known peptides in the ion chromatogram. Fragmentation of disulfide-containing peptides in negative ionization mode was optimized by direct infusion of insulin and monitoring the fragment ion at m/z 1681.6 Da. The ion gauge voltage 1 was set to a maximum value of 200 V for optimal fragmentation in the region between the atmosphere-vacuum interface and the stacked ring ion guide.
Using ion trap data, peptides were identified automatically by software developed in-house which correlated the experimental tandem mass spectra against theoretical tandem mass spectra generated from the known antibody amino acid sequence for peptide identification [14, 15] . All disulfide-linked peptides were identified manually using accurate mass information from both ESI-IT and ESI-TOF.
Results and Discussion
Endopeptidase Lys-C digestion was used to generate disulfide-linked peptides from a recombinant IgG2 molecule. The predicted Lys-C peptides containing cysteine residues are illustrated in Table 1 (the nomenclature is based on numbering the cysteine residues from the N-termini of heavy "H" and light "L" chains). The fragments were separated by the C5 reversed-phase For the calculated masses of the non-disulfide-linked peptides, the side chain of cysteine residue was -CH2 -SH. c The isotopes were not resolved for this peak.
HPLC column using a gradient of acetonitrile with 0.1% TFA. The UV chromatogram of the Lys-C digested recombinant IgG2 is shown in Figure 2 , and the disulfide-linked peptides are labeled. All nondisulfide containing peptides larger than two amino acids could be identified from the positive ionization mass spectra using fully automated software as described above. Fragments containing all 18 unique cysteine residues (13 from the heavy chain and five from the light chain) were identified in the HPLC fractions by their molecular masses and with the use of the unique fragmentation in negative ionization mode. The detected peptides accounted for more than 90% of the total amino acids of the IgG2 molecule. The observed and calculated molecular weights for the various cysteine-containing peptides are listed in Table 1 and are discussed in more detail below. We modified the negative ion electrospray conditions originally described by Chrisman and McLuckey [12] by using the mass spectrometers in-line with the reversed-phase liquid chromatography. Fragmentation of disulfide-linked peptides was achieved using negative ionization in the low-pH mobile phase typically used for reversed-phase LC. This allowed the direct coupling of the LC system to the mass spectrometer. Changing the pH after the column and before the mass spectrometer from a pH 2.5 to around 11 by infusing ammonia hydroxide solution was performed (data not shown), but did not improve the intensity of the signal nor did it improve the amount of disulfide dissociation. Higher pH also did not affect the charge state of the ions observed in negative ion mode, e.g., the charge state did not increase at higher pH (data not shown). Figure 3 shows the ion trap full mass spectra of peptides H12ϪSSϪH13 linked via one disulfide bond in the positive (Figure 3a (Figure 3c, d) . The ratio of parent ions (m/z 2044) to fragment ions (m/z 1102 and 2986) was higher in the TOF instrument ( Figure 3d ) compared with the ion trap (Figure 3b ) indicating that the insource dissociation of these disulfide-linked peptides was more efficient in the ion trap for this particular peptide. However, a major drawback of the ion trap was its limited mass range (400 -4000 Da). We needed Figure 3d . The observed isotope distribution (black) and theoretical isotope distribution for ions with (blue) and without (red) hydrogen transfer as described by Chrisman and McLuckey [11] . Only the species with the hydrogen atoms (1102.8 Da) are labeled in Figure 3d .
to extend the mass range to m/z 4000 from the typical upper limit of m/z 2000 because most ions in the negative ionization mode seem to populate singly or doubly charged states. Additionally, the higher mass accuracy (10 ppm or better) and the higher resolution (5000 Da or better) of the ESI-TOF compared with the ion trap instrument are clear advantages of the former technique, which allowed positive identification without MS/MS data in most cases.
In-source fragmentation in negative ion mode rather than collision-induced dissociation in the ion trap was used for the dissociation of the disulfide-linked peptides in our study to increase ion intensity of the fragments. It is our understanding that the fragmentation of disulfide bonds in negative ion mode has similarities with the electron capture dissociation, where the fragmentation is caused by the low-energy electrons rather than due to collisional activation [16] . We observed that the collisional activation by the insource voltages enhanced to some extent the cleavage of disulfide bonds. However, it appeared that collision-induced fragmentation of selected ions in the ion trap or collision cell of an ESI-TOF instrument (MS/MS) are not needed to generate the disulfide fragmentation. For the ion trap instrument used in the experiments, the insource fragmentation of the chromatographically separated peptides had the advantage of much higher sensitivity compared with the MS/MS scan of selected ions. Also, the quality of the fragmentation achieved in-source was better in comparison with the fragmentation during collision-induced dissociation (MS/MS) based on the intensity and the signal to noise ratio (data not shown). The in-source fragmentation for the negative ionization mode was essential for the orthogonal-TOF because our instrument (LCT) did not have MS/MS capabilities.
According to the data presented by Chrisman and McLuckey [12] , the cleavages at the sulfur-sulfur and sulfur-carbon bonds are heterogeneous. When the cleavage occurs, so that one chain contains both sulfur atoms, hydrogen is transferred from the sulfur-less chain to create peptides with ϾC ␣ ϭ CH 2 and ϾC ␣ HϪCH 2 ϪSϪSH side chains. When the cleavage occurs between the sulfurs, one of the chains receives a hydrogen from the other chain to create peptides with ϾC ␣ HϪCH 2 ϪSH and ϾC ␣ HϪCH ϭ S side chains. These heterogeneous peaks due to hydrogen transfers were resolved in the ESI-TOF instrument. Figure 3e shows the observed ions of fragment H12ϪS. The isotope distribution clearly demonstrates the presence of two ions with m/z values of 1100.6 and 1102.6 corresponding to the fragments with hydrogen and without hydrogen transfer. For simplicity, we labeled only the ions with the hydrogen atoms in Figure 3d and in all following figures. Figure 4 shows the ion trap full scan mass spectra of peptides L3ϪSSϪL4 linked via one disulfide bond in the positive (Figure 4a ) and negative (Figure 4b) ionization modes. The intact dipeptide was observed at m/z 1944.4 (2ϩ) and 1296.9 (3ϩ) in positive ion mode, and at m/z 3884.0 (1Ϫ) and 1942.4 (2Ϫ) in negative ion mode. In-source fragmentation of the dipeptide in negative ion mode resulted in cleavage at the sulfur-sulfur bond yielding peptides L3ϪS Ϫ (m/z 2069.0) and L4ϪS Ϫ (m/z 1819.3). This fragmentation was specific to the negative ion mode and was not observed in the positive ion mode. Similar results were achieved with the TOF technology (Figure 4c, d) . Again, the ratio of parent ions (m/z 1942) to fragment ions (m/z 1819 and 2069) was higher in the TOF (Figure 4d ) compared with the ion trap (Figure 4b ) confirming that the in-source dissociation of disulfide-linked peptides (Figures 3 and 4 ) was more efficient in the ion trap.
All other peptides analyzed in this study did not show a significant difference in the efficiency of insource dissociation. For simplicity, we show only the ESI-TOF mass spectra of the following peptides, since the mass accuracy and the resolution of those spectra are higher compared to the ion trap data. Figure 5 shows the ESI-TOF mass spectra of peptides H10ϪSSϪH11 linked via one disulfide bond in the positive (Figure 5a ) and negative (Figure 5b ) ionization modes. The intact dipeptide was observed at m/z 2402.7 (2ϩ), m/z 1602.1 (3ϩ), and m/z 1201.9 (4ϩ) in positive ion mode, and at m/z 2400.7 (2Ϫ) in the negative ion mode. In-source fragmentation of the di-peptide in negative ion mode resulted in cleavage between the sulfur atoms yielding peptides H10ϪS 2Ϫ (m/z 2277.1), and the ions of Ϯsulfur atom at m/z 2260.1 (2Ϫ) and m/z 2293.1 (2Ϫ). This fragmentation was specific to the negative ion mode and was not observed in the positive ion mode. The H11ϪS Ϫ ion (theoretical mass of 249.3 Da) was not observed due to the mass range setting of m/z 600 to 6000 Da used in the experiment. Similar results were achieved with the ion trap (data not shown). The intensity of the fragment ion in Figure 5 was much lower compared to the intensities observed for peptide shown in Figures 3 and 4 . We expect the large size of peptide H10ϪSSϪH11 of 4803.3 Da compared with the size of previously described peptides (3883.9 and 4088.0 Da) plays a role in the efficiency of the in-source fragmentation. In addition, we observed the formation of a dimer peak at m/z 3201.9 (3Ϫ), which could also be the cause of the limited fragmentation. Studies to limit the amount of dimer formation and its effect on the fragmentation efficiency are in progress.
The Finally, Figure 6 shows the ESI-TOF mass spectra of peptides L5ϪSSϪH3H4ϪSSϪH5 linked via two disulfide bonds in the positive (Figure 6a ) and negative (Figure 6b ) ionization modes. In-source fragmentation of the peptide, represented mainly by ions at m/z 5047.5 (2Ϫ) and m/z 3364.3 (3Ϫ), in negative ion mode resulted in cleavage at the sulfur-sulfur bond yielding peptides L5ϪS Ϫ (m/z 810.3) and L5ϪSSϪH3H4 2Ϫ (m/z 1692.5). Fragment L5ϪS Ϫ was only observed as a single species (only with hydrogen transfer and not without) unlike all other fragments observed before. The fragment ions were accompanied by the signature ions of Ϯsulfur atoms. In addition, we observed the formation of a dimer peak at m/z 4037.0 (5Ϫ).
There were no in-source fragments observed for this large ion in the negative ionization mode using the ion trap (data not shown).
Both instruments were limited on the number of disulfides that could be dissociated. The hinge peptide of the heavy chain C 6 C 7 VEC 8 PPC 9 PAPPVAGPSVFLFPPKPK, which forms a homodimer, presumably via 4 disulfide bonds, could not be fragmented using either instrument. The hinge peptide H6H7H8H9 was identified based on its unique molecular weight (Table 1) as a dimer linked via four disulfide bonds in the positive and negative ionization mode in both the ion trap and ESI-TOF instruments (data not shown). This dipeptide C 6 C 7 VEC 8 PPC 9 PAPPVAGPSVFLFPPKPK represents another challenge, which cannot be overcome with the described approach-a possible singly charged fragment ion would have the same m/z value compared with the doubly charge precursor ion.
In addition to the expected disulfide-linked peptides, we identified several unexpected, high molecular weight species at retention times 120 to 125 min (see Figure 2 ) based on their unique masses. The molecular weight values of those species were measured using the ESI-TOF instrument as 12 The data presented in this paper indicate that the size of the disulfide-linked peptides is inversely related to the efficiency of the fragmentation. This phenomenon was expected and is probably similar to fragmentation using other techniques like collision-induced dissociation. Bure et al. showed for five synthetic peptide thioesters of increasing length that the fragmentation efficiency is higher for the smallest peptides than for the longest under in-source and in-collision cell fragmentation, using an electrospray source coupled to a triple quadrupole [17] .
Nondisulfide containing peptides could be identified using positive ion tandem mass spectra and several commercially available fully automated software programs. However, none of the disulfide-containing peptides in this study could be identified with this approach because the MS/MS data from disulfidecontaining peptides are typically poor and the software cannot recognize these peptides. Therefore, manual identification of the disulfide-containing peptides was used, relying on the observed molecular weights from the mass spectra and the theoretically calculated masses of the disulfide-linked peptides. This approach is useful as long as the disulfide connectivity is already known or if only very few peptides contain cysteine residues. However, if many peptides contain cysteine residues and if more than two peptides are connected via disulfide bonds, it becomes difficult to determine the connectivity because of the large number of different combinations that are possible. In such a case, where several possible combinations of peptides result in the same molecular weight, the full mass spectra from the negative ionization mode analysis could be used for the identification of the disulfide-containing peptides.
Conclusions
We described a method for the identification of disulfidecontaining peptides using nonreduced peptide maps and mass spectral analysis by reversed-phase liquid chromatography in-line with negative electrospray ionization mass spectrometry. Analysis of disulfide-containing peptides in negative ionization mode resulted in specific fragmentation at the sulfur bonds. The fragmentation information could be used for identification of those disulfide-containing peptides. We optimized previously reported methods to allow in-line analysis with HPLC separation making it amenable to high throughput applications. Two techniques (ion trap and ESI-TOF) were evaluated for in-source fragmentation efficiency, showing that the ion trap resulted in more complete fragmentation for selected peptides. However, the limited mass range and the low mass accuracy of the ion trap technology are clear disadvantages of this technique compared with the ESI-TOF instrument used in this study. Both instruments were limited in the number of disulfides that could be simultaneously fragmented, e.g., the hinge peptide C 6 C 7 VEC 8 PPC 9 PAPPVAGPSVFLFPPKPK linked via four disulfide bonds could not be fragmented with either instrument. We also observed a reverse dependency of the molecular weight and the fragmentation efficiency for both instruments.
